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Postsynaptic Induction
and PKA-Dependent Expression of LTP
in the Lateral Amygdala
Recent physiological experiments on the role of the
amygdala in emotion have focusedon the lateralnucleus
because it is important for conditioned fear produced
by pairing a neutral tone with a fear-inducing electric
shock. Auditory information critical for conditioning of
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fear comes into the lateral nucleus of the amygdala viaHoward Hughes Medical Institute
two routes: directly from the medial geniculate nucleusNew York, New York 10032
and indirectly from the auditory cortex (LeDoux, 1995,
1996; Maren and Fanselow, 1995). The synapses of both
of these projections undergo long-term potentiationSummary
(LTP) thought to be essential for memory storage related
to fear (Chapman et al., 1990; Rogan and LeDoux, 1995;Whereas much is now known about the behavioral
McKenan and Schinnick-Gallagher, 1997; Rogan et al.,importance of the lateral nucleus of the amygdala for
1997).the storage of implicit memories of fear, little is known
Whereas it is known that LTP in these pathways isin molecular terms about the signal transduction path-
behaviorally important for conditioned fear, little isways required for long-term potentiation (LTP) in this
known about the molecular mechanism involved in LTP
nucleus. Using brain slices containing the amygdala,
in either of these two pathways. We therefore carried
we have studied LTP in the pathway from external out a series of experiments in brain slices containing the
capsule to the lateral nucleus,apathway thatmediates amygdala to explore the signal transduction pathway
information from the auditory cortex important for fear mediating LTP in the connections from the axons of
conditioning. We found the induction of LTP is post- the external capsule, which carry information from the
synaptic; it is dependent on postsynaptic depolariza- auditory cortex to the lateral nucleus. We find that LTP
tion, on the influx of Ca21 into the postsynaptic cell in this pathway is induced postsynaptically; it is depen-
and, at least in part, on the activation of N-methyl-D- dent on postsynaptic depolarization, on the postsynap-
aspartate (NMDA) receptors. The LTP is associated tic influx of calcium, and at least under certain stimulus
with a decrease of paired-pulse facilitation (PPF) and conditions on the activation of N-methyl-D-aspartate
is blocked by bath application but not blocked by post- (NMDA) receptors. The expression of LTP is associated
synaptic injection of inhibitors of the cyclic adenosine with a substantial depression of paired-pulse facilitation
monophosphate±dependent (cAMP-dependent) pro- (PPF), raising the possibility that the expression may
tein kinase (PKA). Consistent with the possibility that perhaps be presynaptic. This expression involves the
the expression might involve PKA presynaptically, the cyclic adenosine monophosphate±dependent (cAMP-
adenylyl cyclase activator forskolin induced synaptic dependent) protein kinase (PKA).
potentiation of this pathway that also was associated
Resultswith a decrease of PPF, and this potentiation occluded
the tetanus-induced LTP.
Induction of LTP in the Lateral Amygdala Requires
Postsynaptic Depolarization and Ca21Introduction
Influx into the Postsynaptic Cell
We obtained both field and intracellular recordings fromIn 1937, Papez proposed that the neuroanatomical sub-
neurons of the lateral nucleus of the amygdala in brainstratum of emotion consists of the limbic lobe, a ring of
slices of adult rats (Figure 1A1). Orthodromic stimuli ap-primitive cortex that surrounds the brain stem. One of
plied to the external capsule evoked a negative potentialthe major advances in the modern neurobiological study
in field recordings from populations of neurons and anof emotion has been the realization that of the various
excitatory postsynaptic potential (EPSP) in intracellularstructures of the limbic lobes, only the amygdala is criti-
recordings from individual neurons of the lateral amyg-cal for the expression of emotion (Davis et al., 1994;
dala (Figure 1A2). The EPSPs and field potential ap-LeDoux, 1996). Lesions of theamygdala in humans inter-
peared to reflect the activity of a monosynaptic connec-fere with the perception of pain, and electrical stimula-
tion. Both the EPSP and field potential had a constanttion of the amygdala produces feelings of fear and ap-
and short latency of about 3 ms and followed high fre-prehension. Moreover, functional magnetic resonance
quency (50 Hz) stimulation reliably and without failureimaging (fMRI) studies have revealed that stimuli that
(Figure 1A3; see also Chapman et al., 1990). Moreover,elicit fear affect blood flow to the amygdala in humans.
the initial slope of the EPSP was smoothly graded with
In experimental animals, the amygdala similarly is es-
intensity of the stimulus (Figure 1B1). Finally, there wassential for both instinctive and learned expressions of no change in either the latency or the initial slope of the
fear. Damage to the amygdala produces tameness and EPSP when the concentration of divalent cations was
affects a variety of autonomic responses associated increased to 12 mM Ca21, 12 mM Mg21 (Figure 1B2) in
with emotional behavior (Davis et al., 1994; LeDoux, an effort to raise the firing threshold and thereby reduce
1995, 1996; Gallagher and Chiba, 1996). the likelihood of interneurons participating in the stimu-
lated pathway (Castellucci and Kandel, 1974; Jahr and
Jessell, 1985; Sah and Nicoll, 1991).*To whom correspondence should be addressed.
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Figure 1. Synaptic Response in Cortical-Amygdala Pathway
(A1) Schematic illustration of a coronal brain slice containing the amygdala. A stimulating electrode was placed in the external capsule (S).
(A2) In the external capsule, a conventional intracellular recording (upper trace) or a field recording (lower trace) was made from the lateral
amygdala (R).
(A3) Intracellular synaptic response of EPSP (upper trace) and extracellularly recorded field potential (lower trace) during a 50 Hz tetanus. The
synaptic response followed tetanus in one-for-one fashion, without failure.
(B1) EPSPs recorded from a neuron of the lateral amygdala in response to stimuli of increasing intensity.
(B2) EPSPs recorded in a neuron before and after perfusion of high divalent cation solution (12 mM Ca21, 12 mM Mg21). Traces are averages
of four responses.
(B3) EPSPs in a neuron before and 20 min after perfusion of CNQX (50 mM). A large portion of the synaptic response was blocked in the
presence of CNQX. Membrane potential, 275 mV. Traces are averages of four responses. For the effect of CNQX on field potential, see
Figure 6.
Both the intracellularly recorded EPSP and the negative of APV (p , 0.01, n 5 6; Figure 2A2). We also examined
LTP in slices that had been exposed to picrotoxin (10field potential could be largely blocked by the non-NMDA
glutamate receptor antagonist 6-cyano-7-nitroquinoxa- mM) inorder to blockGABAergic inhibition. In picrotoxin-
treated slices, LTP induced by five trains at 60 minline-2,3-dione (CNQX, 50 mM; Figure 1B3), indicating that
the basal synaptic transmission in this pathway is mainly was .114% 6 7% (n 5 6) in the presence of APV, which
was significantly different from LTP in the absence ofmediated by the non-NMDA receptor (Rainnie et al.,
1991; Li et al., 1996). Using this synaptic input, we could APV (150% 6 10%, n 5 6, p , 0.025; Figure 2B2). LTP
at 20 min in the presence of APV was 128% 6 7%,elicit LTP both in field and in intracellular recordings.
We first examined whether the induction of LTP re- which was not significantly different from LTP in the
absence of APV (141% 6 8%, p . 0.2, n 5 6). In thequired activation of NMDA receptors. The NMDAdepen-
dency of LTP in amygdala has been studied previously, presence of picrotoxin blockade of GABAergic inhibi-
tion, the modest LTP induced by one train was not af-but the results have varied, depending upon the afferent
pathway utilized and the specific experimental condition fected by APV (118% 6 3% at 10 min compared with
120% 6 8%, p . 0.5, n 5 6; Figure 2B1). The failure of(Chapman and Bellavangee, 1992; Gean et al., 1993;
Maren and Fanselow, 1995; Watanabe et al., 1995). Us- APV toblock the early expression of LTP inslices treated
with picrotoxin may reflect either an incomplete block-ing field recordings to examine the cortical±amygdala
pathway, we found that the LTP induced by one high ade of NMDA receptors by APV, owing to the absence
of GABAergic inhibition, or to a second, NMDA-indepen-frequency train (100 Hz, 1 S) in normal artificial cerebral
spinal fluid (ACSF) solution was almost completely dent mechanism.
To determine more directly whether the induction ofblocked by the NMDA antagonist amino-phosphono-
valeric acid (APV) (6 2-amino-5 phosphonopentanoic, amygdala LTP is pre- or postsynaptic, we next examined
whether Ca21 influx into the postsynaptic neuron was50 mM). Thus, in slices treated with APV (Figure 2A), LTP
was significantly reduced 10 min after the tetanus, from required (Figure 2C). To address this question, we
loaded the postsynaptic cell with the Ca21 chelator127% 6 7% (n 5 7) of baseline in control slices to 98% 6
6% (p , 0.01, n 5 6, Student's t test). At this dose, APV BAPTA (50 mM) (Zalutsky and Nicoll, 1990; Huang and
Malenka, 1993). In cells loaded with BAPTA, one trainhad no effect on the baseline synaptic potential (n 5 5;
Figure 2A1). APV also blocked the more enduring LTP of tetanus (100 Hz, 1 S), which normally induces LTP,
produced only a transient increase of the EPSP thatinduced by five trains of tetanus (100 Hz, 1 S, 3 min
interval). Thus, in the presence of APV, the LTP induced decayed to the baseline by z5 min after tetanus. The
LTP was reduced from 145% 6 11% (n 5 8) in controlby five trains was reduced at 60 min from 144% 6 10%
in control experiments (n 5 6) to 104% 6 8% in presence cells to 98% 6 6% in the BAPTA-loaded cells (n 5 7,
PKA-Dependent Amygdala LTP
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Figure 2. The Induction of Amygdala LTP Is Postsynaptic
(A) The effect of an NMDA inhibitor on LTP in normal ACSF solution. (A1) The NMDA inhibitor APV (50 mM) has no effect on baseline synaptic
response (n 5 5, mean 6 SEM; upper trace) but blocks LTP induced by one tetanus (100 Hz, 1 s) (n 5 6, mean 6 SEM).
(A2) APV (50 mM) also blocks LTP induced by five trains of tetanus (100 Hz, 1 s, 3 min interval) (n 5 6, mean 6 SEM) in normal ACSF solution.
The top traces are the representative field potentials before and 60 min after tetanus in control experiments. Calibration, 0.5 mV, 5 ms.
(B) The effect of an NMDA inhibitor on LTP in the picrotoxin-treated slices.
(B1) LTP induced by one train of tetanus in the presence of APV (50 mM) is not significantly different from control LTP (n 5 6, mean 6 SEM).
(B2) However, APV (50 mM) significantly depresses LTP induced by five trains of the tetanus (n 5 6, mean 6 SEM).
(C) The Ca21 chelator BAPTA blocks LTP. The intracellular recording electrode was filled with the Ca21 chelator BAPTA (50 mM). Tetani were
applied 20±30 min after the impaling of neurons to allow BAPTA to diffuse into the cell. Long-term potentiation of EPSP was obtained with
a single brief tetanus (100 Hz, 1 s) in the control cells (n 5 8, mean 6 SEM; open circles) but decayed to the baseline 5 min after tetanus in
the BAPTA loading cell (n 5 7; closed circles). BAPTA has no effect on the baseline EPSP (n 5 5; open squares). The averaged data traces
of four consecutive sweeps before (left) and 10 min after tetanus (right) in control and BAPTA loaded cell are shown on the upper panel.
(D) LTP can be induced by pairing of a postsynaptic depolarization current pulse with low frequency presynaptic stimulation. Experiments
were performed in the presence of picrotoxin (10 mM). Postsynaptic depolarization current pulses (2 nA, 50 ms, started at the same time as
each volley) paired with 0.2 Hz stimulation (25 trials) induced LTP (140% 6 9% at 18 min, n 5 5, mean 6 SEM; closed circles). This LTP
occluded the following LTP induced by two trains of tetanus (100 Hz, 1 s) (n 5 3). Pairing of a higher depolarization current pulse (4 nA)
induced a larger LTP (150% 6 8% at 18 min, n 5 4; closed squares). In the presence of APV (50 mM), a substantial LTP still can be induced
by pairing (2±4 nA, 124% 6 11% at 18 min, n 5 4; open triangles). Data traces averaged from four consecutive sweeps before (left) and 15
min after pairing (right) are shown at the top of the figure.
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p , 0.005) by 20 min after the tetanus. By itself, BAPTA dependent and in which LTP is induced postsynapti-
loading had no effect on the baseline EPSP (Figure 2C). cally, the results are discrepant and PPF is not consis-
The effect of the Ca21 chelator on LTP supports the tently obtained. Whereas some have reported depres-
involvement of a postsynaptic mechanism. sion of PPF with LTP (Christie and Abraham, 1994; Kuhnt
A third criterion for the involvement of a postsynaptic and Voronin, 1994; Schulz et al., 1994; Schulz, 1997),
mechanism in LTP is the requirement of postsynaptic others have failed to record depression (Gustafsson et
depolarization. In the Schaffer collateral pathway, LTP al., 1988; Muller and Lynch, 1989; Manabe et al., 1993;
can be induced by simply pairing postsynaptic depolar- Asztely et al., 1996).
ization with single-afferent volleys presented at low fre- A depression of PPF associated with LTP induced by
quency (Gustafsson et al., 1987). In contrast, in the fear conditioning in the thalamo-amygdala pathway has
mossy fiber pathway, which uses an NMDA-indepen- been reported recently (McKenan and Schnnick-Gal-
dent presynaptic mechanism for induction, pairing post- lagher, 1997). It therefore was interesting to know
synaptic depolarization with single volleys is not effec- whether tetanus-induced LTP in cortical pathways of
tive in inducing LTP (Zalutsky and Nicoll, 1990). To test amygdala is associated with changes in PPF. Even
whether the induction of LTP in amygdala requires post- though the induction of LTP in the cortical pathway
synaptic depolarization, we paired single-afferent stim- of amygdala is postsynaptic, we found that PPF was
uli at low frequency (0.2 Hz) with postsynaptic depolar- depressed. To obtain a reliable time course for the effect
ization pulses (50 ms pulse of either 2 or 4 nA amplitude) of LTP on PPF in field recordings, we used three high
in the presence of picrotoxin (10 mM) and found that 25 frequency trains (3 3 100 Hz). This protocol produced
pairing trials elicited a long-lasting potentiation of the a marked reduction of PPF that started immediately after
EPSP (Figure 2D). Fifteen minutes after pairing, this po- the tetanus (65% 6 5% of the prior tetanus level of PPF
tentiation was 140% 6 9% for the 2 nA pulses (n 5 5, ratio, n 5 5) and was still evident 30 min later (80% 6
mean 6 SEM) and 150% 6 8% for the 4 nA pulses (n 5 5%, n 5 5; Figure 3A). A similarly profound depression
4). This pairing-induced LTP occluded the following LTP was also observed with intracellular recordings. Be-
induced by tetanus. Thus, when two high frequency cause of the increased sensitivity of intracellular re-
trains (100 Hz, 1 S) were applied after LTP had been cording, we used only a single train to produce LTP,
induced by pairing, the two trains only induced a tran- but we again found that PPF was decreased by 60%
sient enhancement of EPSP, which relaxed back to the (p , 0.001; Figure 3B), from 125% 6 3% (n 5 5) prior
baseline level in 7 min (141% 6 2%, n 5 3). These to the tetanus to 75% 6 10% (n 5 5) 10 min after the
results thus provided a further evidence of postsynaptic tetanus.
mechanism in the induction of amygdala LTP. A decrease of PPF is a commonly accepted index of
As is the case with field-recorded LTP in slices treated an increase in transmitter release. However, PPF changes
with picrotoxin (Figure 2B2), LTP induced by pairing, could also be caused by desensitization of postsynap-
which was carried out in the presence of picrotoxin, also tic a-amino-3-hydroxy-methyl-4-isoxazoleproprionate
was only partially reduced by APV (50 mM). At 15 min (AMPA) receptors (Colquhoun et al., 1992; Arai and
after pairing, this APV-independent component was Lynch, 1996; Wang and Kelly, 1996). To exclude this
equal to z50% of the total LTP (124% 6 11% of the possibility, we performed two further experiments. First,
baseline, n 5 4). Here again, the finding of this APV- we examined changes in PPF in the presence of cyclo-
independent component suggests that either the block- thiazide (CYZ), which prevents the desensitization of
ade of the NMDA receptor is incomplete or during high AMPA receptors (Arai and Lynch, 1996; Wang and Kelly,
levels of membrane depolarization, an NMDA-indepen- 1996). Despite the treatment with CYZ, we still obtained
dent postsynaptic Ca21 influx mechanism, perhaps me-
a marked depression of PPF. The ratio of PPF (Figure
diated through voltage-gated Ca21 channels, can con-
3C) again decreased to 68% 6 6% and 70% 6 7% (n 5
tribute to the induction of LTP in the amygdala.
5) of control level at 10 min and 20 min after tetanus,
indicating that the depression of PPF was not due to
the desensitization of postsynaptic AMPA receptors.Amygdala LTP Occludes Paired-Pulse Facilitation
Second, we elicited LTP using a pairing protocol inThese results indicated that induction of LTP in the lat-
which we again paired postsynaptic depolarization (50eral amygdala is dependent on postsynaptic depolariza-
ms, 2 nA) with low frequency stimulation to the presyn-tion and on Ca21 influx into the postsynaptic cell. Where
aptic glutamatergic fibers, a procedure that minimizesis the site of expression for this form of LTP? As a first
desensitization. This conjunctive pairing induced a syn-step in localizing the site of expression, we explored
aptic potentiation of 132% 6 6% at 10 min (n 5 5).the effects of LTP on PPF, a well-defined presynaptic
Despite the low frequency of stimulation, we still ob-process in which the residual Ca21 influx following the
served depression of paired-pulse facilitation. After 25first of two presynaptic action potentials leads to en-
trials (0.2 Hz), the PPF decreased from 120% 6 3%hancement of the transmitter release in response to the
before pairing to 80% 6 10% 10 min after pairing (p ,second action potential (Zucker, 1973). In the hippocam-
0.01, n 5 5; Figure 3D1. As a control, we carried outpal mossy fiber and the cerebellar parallel fiber path-
disjunctive pairing with a 200 ms separation. This didways, where the induction of LTP is presynaptic and
not induce any potentiation (95% 6 8%, n 5 5) andnot dependent on NMDA receptor activation, LTP leads
similarly did not induce the depression of PPF (125% 6to a consistent depression of PPF (Zalutsky and Nicoll,
4% compared with 123% 6 3% control, n 5 5; Fig-1990; Huang et al., 1994; Weisskopf et al., 1994). How-
ever, in the Schaffer collateral pathway, which is NMDA ure 3D2).
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Figure 3. LTP in Lateral Amygdala Is Associated with a Depression of PPF
(A) PPF examined by field potential recording. Test stimuli were delivered at 0.016 Hz. PPF was examined every 10 min by four sets of paired
pulses separated by 5 s, with a 50 ms interpulse interval. No PPF was examined immediately before the tetanus to avoid the possible occlusion
of LTP. The PPF change was expressed as percentage of PPF at 0 min (measured as the ratio of the second response to the first response).
There was no significant change in PPF over time (0±20 min); however, three tetanic trains (100 Hz, 1 s, 1 min interval) induced an LTP (n 5
5, mean 6 SEM; lower panel) and an immediate and long-lasting depression of PPF (n 5 5; upper panel). The averaged data traces taken
before (left) and 20 min after (right) tetanus were shown at the top of this figure. Calibration, 25 ms, 0.5 mV.
(B) Paired-pulse facilitation examined with intracellular recordings. Test stimuli were delivered at 0.033 Hz. PPF was measured as the ratio
of the slope of the second EPSP to the slope of the first EPSP. The time course of LTP and associated PPF change (n 5 3, mean 6 SEM) is
shown in the upper panel. A summary of PPF ratio 10 min before and 10 min after tetanus obtained from five cells is shown in the bar graph
in the lower panel (mean 6 SEM). The averaged data traces of four consecutive sweeps before and after tetanus are shown at the right side
of this graph. Calibration, 25 ms, 5 mV.
(C) PPF examined in the presence of CYZ. CYZ (50 mM) was present in the bath throughout the experiments (slices perfused with CYZ for
1±4 hr). PPF and LTP were measured every 10 min by an average of four consecutive sweeps (0.2 Hz). Three tetani still induce LTP (lower
panel) and depress PPF (mean 6 SEM, n 5 5; upper panel). The averaged data traces before (left) and 20 min after (right) tetanus are shown
at the top of this figure. Calibration, 25 ms, 0.5 mV.
(D) Paired-pulse facilitation before and after induction of LTP by pairing.
(D1) Coinciding pairing. The test frequency was 0.033 Hz. After a stable baseline was obtained, a single volley (0.2 Hz, 25 pairings) was
delivered simultaneously with a postsynaptic depolarization pulse (2 nA, 50 ms). Summary of PPF ratio from five cells is shown on the bar
graph (mean 6 SEM). The inset on the right side is a schematic diagram of the experimental protocol.
(D2) Delayed pairing. The postsynaptic depolarization was applied 200 ms after each presynaptic volley (0.2 Hz, 25 pairings). There is no
significant change of PPF observed before and after delayed pairing (bar graph; n 5 5, mean 6 SEM).
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Figure 4. PKA Inhibitors Block LTP
(A1) Bath application of the PKA inhibitor KT5720 (1 mM) blocks LTP induced by a single train of tetanus (100 Hz, 1 s) (control, open circles;
KT5720, n 5 7, mean 6 SEM, closed circles).
(A2) The depression of LTP by KT5720 was reversible. LTP could be partially induced 90 min after washout of the drug (mean 6 SEM, n 5 3).
(B1) Bath application of Rp-cAMPs (50 mM) blocks LTP induced by a single train of tetanus (control, n 5 9, open circles; Rp-cAMPs, n 5 5,
mean 6 SEM, closed circles).
(B2) LTP induced by five trains of tetanus (100 Hz, 1 s, 3 min interval) was significantly depressed by bath application of Rp-cAMPs (50 mM)
(control, n 5 5, open squares; Rp-cAMPs, n 5 5, mean 6 SEM, closed squares). However, bath application of the PKA inhibitor Rp-cAMPs
(50 mM) has no effect on the baseline field potentials (upper panel; n 5 5).
Expression of LTP in the Amygdala Involves PKA the LTP was 97% 6 5% (n 5 7) compared with 121% 6
4% (n 5 7), in control (p , 0.01; Figure 4A1). This block-The decrease of paired-pulse facilitation in amygdala
LTP is similar to that seen with LTP in the hippocampal ade was partially reversible; 60 min after washing out
the inhibitor, the same tetanus could produce LTP (n 5mossy fiber pathway and in cerebellar parallel fibers, in
which LTP is mediated by a presynaptic mechanism. In 3; Figure 4A2). A second PKA inhibitor, Rp-cAMPs (50
mM), similarly blocked LTP induced by one train of teta-those two systems, PKA is involved in the expression
of LTP (Huang et al., 1994; Weisskopf et al., 1994; Huang nus. By 20 min, the LTP had decayed to 89% 6 6% of
the baseline (p , 0.005, n 5 5; Figure 4B1). Finally, LTPand Kandel, 1996; Salin et al., 1996). Is PKA also involved
in LTP in the amygdala? If so, is the action of PKA induced by five trains, which has a higher amplitude,
was also reduced significantly by Rp-cAMPs (50 mM;also presynaptic? The involvement of PKA in LTP is of
particular interest, since the cAMP cascade is thought Figure 4B2). The reduction started 10 min after the last
train and decayed to 105% 6 5% (n 5 5) of baseline byto be involved in amygdala-dependent conditioned fear
(Lian et al., 1986; Lamprecht et al., 1997). 40 min, compared with 141% 6 6% (n 5 5) in control
experiments (p , 0.005; Figure 4B2).To address the molecular signaling pathway recruited
for LTP, we first examined the effect of inhibitors of PKA. To further examine the possible role of PKA, we sought
to simulate the effect of LTP with the adenylyl cyclaseIn the Schaffer collateral pathway, inhibitors of PKA de-
pressed the LTP induced by multiple trains but had no activator forskolin, which enhances the level of endoge-
nous cAMP (Seamon and Daly, 1986). Brief bath applica-effect on LTP induced by single train of weak or moder-
ate intensity (Huang and Kandel, 1994; Abel et al., 1997). tion of forskolin (50 mM) induced a long-lasting synaptic
potentiation. The potentiation was 168% 6 7% (n 5 6)We therefore examined the effects of PKA inhibitors on
LTP induced in the lateral amygdala by either one train 90 min after the drug application and lasted several
hours (Figure 5A). The inactive forskolin analog (1,9-LTP (100 Hz, 1 S) or five train LTP (5 3 100 Hz, 1 S). We
found the bath application of either of two inhibitors of dideoxyforskolin, 50 mM) did not induce any potentiation
(97% 6 7% at 90 min, n 5 4). To examine the relationshipPKA blocked LTP induced by a single train, as well as
multiple trains of tetanus. In the presence of the PKA of forskolin-induced potentiation and tetanus-induced
LTP, we performed occlusion experiments. Ninety min-inhibitor KT5720 (1 mM), LTP induced by one train de-
cayed to baseline within 15 min after tetanus. By 20 min, utes after forskolin-induced potentiation, thestimulation
PKA-Dependent Amygdala LTP
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non-NMDA receptors. As shown in Figure 6A, the field
potential was completely depressed by the perfusion of
Kyn and recovered to control value after washing out
the Kyn in control experiments (92% 6 11%, n 5 5).
Despite this complete blockade of synaptic transmis-
sion, brief application of forskolin during this blockade
could induce a large synaptic potentiation (163% 6
12%, n 5 5), which was evident even at 2.5 hr after the
application of forskolin. These experiments clearly show
that the forskolin-induced potentiation does not require
activation of postsynaptic AMPA and NMDA receptors.
Thus, this potentiation is likely to be due to an enhanced
release of transmitter. Secondly, we measured the PPF
during forskolin-induced potentiation. As was the case
with tetanus-induced LTP, the potentiation induced by
forskolin also led to a significant depression of paired-
pulse facilitation, from 115% 6 5% to 88% 6 4% (p ,
0.005, n 5 5; Figure 6B). Finally, we examined the effect
of postsynaptic inhibition of PKA by loading Rp-cAMPs
(10 mM) into recording electrodes. The postsynaptic
injection of Rp-cAMPs blocked the change of the after-
hyperpolarization (AHP) induced by b-adrenergic ago-
nist isoproterenol (n 5 3). However, despite the clear
action of the inhibitor in the postsynaptic cell, LTP could
still be induced in cells loaded with Rp-cAMPs (135% 6
6% at 20 min, n 5 5; Figure 6C). In similar experiments
in CA1 pyramidal cells, this injection was sufficient to
reduce LTP (Blitzer et al., 1995).
These experiments suggest the involvement of PKA
in amygdala LTP is likely to be presynaptic. Since for-
skolin-induced potentiation occludes LTP produced by
a tetanus, and since the two phenomena share a com-
Figure 5. Forskolin Induces a Long-Lasting Potentiation mon, presumably presynaptically mediated decrease in
PPF, the expression of LTP in the amygdala is likely(A) Forskolin induces a long-lasting synaptic potentiation in lateral
amygdala. Forskolin (50 mM) was perfused for 15±20 min, as indi- to also be mediated, at least in part, by a presynaptic
cated. Shortly after application of the drug, the field potential began mechanism.
to be enhanced, and this enhancement reached a stable level 60±90
min after drug application (n 5 6, mean 6 SEM). Data traces before
Discussionand 90 min after forskolin are shown at at the top of this figure.
Calibration, 0.5 mV, 5 ms.
We have found that the LTP produced in lateral amyg-(B) Forskolin potentiation occludes tetanus-induced LTP. One hour
after forskolin-induced potentiation, the stimulus intensity was re- dala by stimulation of the external capsule mediating
duced (down arrow) to matchthe baseline potential prior to forskolin. information from the auditory cortex is dependent on
Five tetani (100 Hz, 1 S, 3 min interval; up arrows) were then applied postsynaptic depolarization, on Ca21 influx into the post-
and failed to induce LTP (n 5 5, mean 6 SEM).
synaptic cell, and at least under certain conditions on
activation of NMDA receptors. These steps are similar to
those utilized in Schaffer collateral LTP and are different
intensity was reduced to obtain a new baseline, and five from mossy fiber LTP (Nicoll and Malenka, 1995). How-
trains of tetanus were applied. As shown in Figure 5, ever, LTP in the amygdala is associated with a profound
the induction of LTP was completely blocked (105% 6 depression of PPF. In this feature, LTP of the amygdala
5% of the baseline 10 min after the last tetanus) (n 5 5; is more reminiscent of LTP evident in the hippocampal
Figure 5B). The results of these occlusion experiments mossy fiber and cerebellar parallel fiber pathways, two
indicate that forskolin-induced LTP shares one or more forms of LTP involving a PKA-mediated presynaptic
steps in common with the tetanus-induced LTP. mechanism (Zalutsky and Nicoll, 1990; Huang et al.,
1994; Weisskopf et al., 1994; Salin et al., 1996). Consis-
tent with a possible involvement of PKA in amygdala
PKA Induces Synaptic Facilitation Even When LTP, we have found that the LTP is blocked by Rp-
All Glutamate Receptors are Blocked cAMPs (an inhibitor of cyclic AMP) when that inhibitor
To further address the question of whether PKA might is put in the bathing solution but not when it is injected
be operating presynaptically, we explored whether for- into the postsynaptic cell. Moreover, forskolin, the ade-
skolin-induced LTP requires activation of the postsyn- nylyl cyclase activator, induces a potentiation that oc-
aptic AMPA and NMDA receptors. We therefore applied cludes LTP induced by tetanus, and like the tetanus
forskolin in the presence of both APV (50 mM) and kynur- forskolin leads to a depression of paired-pulse facili-
tation.enic acid (Kyn, 10 mM), so as to block both NMDA and
Neuron
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Figure 6. The Involvement of PKA in LTP Is Likely to Be Presynaptic
(A) Forskolin also induces potentiation in the blockade of AMPA and NMDA receptors. Bath application of Kyn (10 mM) caused depression
of the field potential. Full recovery could be obtained after washing out of Kyn (n 5 5; open circles). Application of forskolin in the presence
of 10 mM Kyn and 50 mM APV still induced a substantial potentiation measured after washout of Kyn (n 5 5; closed circles). Data traces
before (1), during (2), and 150 min after (3) Kyn in the forskolin experiments are shown on the top of this figure. Calibration, 0.5 mV, 5 ms.
(B) Forskolin depresses PPF. The PPF was collected as in Figure 3A. PPF was significantly depressed 30 min after forskolin (50 mM) (n 5 5,
mean 6 SEM). Data traces (average of four sweeps) before and after forskolin are shown at the right.
(C) Postsynaptic injection of Rp-cAMPs do not block LTP. Intracellular recordings were obtained with electrodes containing Rp-cAMPs (10
mM). A tetanus (100 Hz, 1 S) was applied 20±30 min after impalement of the cells. LTP in the Rp-cAMPs loaded cells (135% 6 6%, n 5 5;
closed circles) is not significantly different from LTP in control cells (145% 6 11%, p . 0.2, n 5 8; open circles). Data traces (average of four
sweeps) before and 20 min after tetanus in the Rp-cAMPs loading cell are shown at the top of this figure. Calibration, 10 mV, 20 ms. The
insets are traces of after hyperpolarization (AHP) before and 20 min after isoproterenol (ISO) (15 mM) in control (left) and Rp-cAMP±containing
electrodes (right). Calibration, 5 mV, 500 ms.
A PKA-dependent mechanism for presynaptic facilita- combinations of common and conserved signal trans-
duction modules madeup of a relatively restricted reper-tion has earlier been found in Aplysia and crayfish (Dixon
and Atwood, 1989; Byrne and Kandel, 1995). Our finding toire of kinase and phosphatase pathways.
The lateral amygdala is thought to be critical duringthat PKA may be important for LTP in the amygdala,
and the previous finding of its importance for LTP in fear conditioning for the association of the neural condi-
tioned stimulus (CS), the tone, and the fear-inducingboth the mossy fiber and parallel fiber pathways, raise
the possibility that PKA may be commonly involved in unconditioned stimulus (US), the shock (Davis et al.,
1994; LeDoux, 1995; Maren and Fanselow, 1995). In fact,the early phase of LTP when the expression of that
phase has a presynaptic component. Moreover, com- the behavioral pairing of CS±US stimuli induces a long-
term synaptic potentiation in the lateral amygdala thatparison of the properties of LTP in the amygdala, and
in the Schaffer collateral, mossy fiber, and parallel fiber is accompanied by a decrease of PPF (McKenan and
Schnnick-Gallagher, 1997). Our finding of a parallel de-pathways, suggests that a variety of subtly different
cellular physiological forms of LTP are likely to exist in crease in PPF by either tetanus or pairing protocol sug-
gests that we are observing a similar mechanism. Thisthe brain, each with its own distinctive properties. It
seems attractive to suggest that these different forms suggests, in turn, that the molecular insights into the
mechanisms of LTP that we have obtained in the sliceof LTP may, however, operate by recruiting different
PKA-Dependent Amygdala LTP
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the Charles A. Dana Foundation, and Howard Hughes Medical In-may underlie the LTP associated with behavioral learn-
stitute.ing and memory storage.
It is important to emphasize that the amygdala is a
Received January 26, 1998; revised June 4, 1998.complex structure, and it is likely that a number of its
synaptic connections are capable of producing LTP.
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